Obtaining practical thresholds for erosive rainfall plays a crucial role in calculating rainfall erosivity and predicting water erosion. Nevertheless, the study of thresholds on subwatershed and watershed scales remains scarce. Given this, we presented the critical rainfall that generated the outflows of subwatersheds and watersheds as the threshold of sediment-generating rainfall. On the basis of the observation of twelve nested topographical units at the Peijiamaogou watershed in the Loess Plateau of China, we fitted regression relationships between rainfall indexes (rainfall amount, maximum 30-min intensity, maximum 60-min intensity, rainfall amount multiply maximum 30-min intensity, and rainfall amount multiply maximum 60-min intensity) and the proportion of cumulative sediment yield to the total sediment yield. We determined the thresholds of sediment-generating rainfall and explored the variabilities of thresholds across different spatial scales. Moreover, the covering area proportion (CAP) with rainfall indexes higher than the thresholds was also employed as thresholds at the subwatershed and watershed scales. The thresholds of CAP for P and I 30 were 50.5% and 47.6% at the subwatershed scale, while 31.0% and 30.3% at the watershed scale. The thresholds of P and I 30 at the subwatershed scale were higher than those of hillslope scale, while the threshold of I 30 at the watershed scale was smaller compared to the other scales. In general, I 30 was viewed as the best threshold among single rainfall indexes across different spatial scales, while P was not recommended as a practical threshold. This study can improve the prediction accuracy of water erosion across different spatial scales and develop the spatial scale effect of sediment yield in the loess hilly areas.
Introduction
Soil erosion has been a widely recognized eco-environmental problem worldwide [1] . It not only results in land degradation by reducing soil fertility and soil organic carbon content [2] [3] [4] , but also leads to off-site siltation of reservoirs or lakes and water eutrophication downstream [5, 6] . Rainfall is acknowledged as the primary driving factor of soil erosion, and its potential ability to trigger soil erosion is known as rainfall erosivity [7, 8] . However, not all rainfall events bring on soil erosion [8] [9] [10] . 39 .3 km 2 with channel gradient of 1.22%. The main channel length is about 11 km with gully density of 2.69 km km −2 , and elevations ranging from 789 to 1122 m. The area of inter-gully and gully land account for 49.1% and 50.9% of the total area in the watershed, respectively [27, 28] . The region of the watershed is mainly composed of some farmland, natural slopes, bareland, steep cliffs, villages, roads, and ditch beds. The vegetation in this watershed is sparse and mostly distributed on the fallow slopes. The soil of the original landscape exhibits a fine-silty texture with 32.1%, 60.5%, and 7.5% of sand, silt, and clay contents, respectively [29] . There are sporadic soil and water conservation measures in the Peijiamaogou watershed [30] . There were almost no check dams or reservoirs in the watershed. Annual average precipitation was 307.7 mm from 1986 to 2010; moreover, about 73% of the precipitation was concentrated between June and September. The annual runoff volume varied from 0.12 × 10 6 to 6.0 × 10 6 m 3 between 1986 to 2010, with an average value of 1.01 × 10 6 m 3 . The annual sediment yield varied from 7.63 to 2.58 × 10 4 t km −2 with significant inter-annual variability from 1986 to 2008 [31] . There are many subwatersheds dissected by dense channel networks in the watershed. Generally, the subwatersheds are without base-flow discharges and typically smaller than 1 km 2 in size, while the area of watersheds are typically higher than 1 km 2 [32] .
Data Source
Measurements of rainfall characteristics (amount, duration, and intensity), total runoff, suspended sediment concentration, and sediment yield in twelve geomorphic units were managed by the stream-gauging staff of the Yellow River Conservancy Commission (YRCC) since 1986 according to the national standards [31] . The data of rainfall and sediment for the Peijiamaogou watershed, the Qiaogou subwatershed (a branch of the Peijiamaogou watershed), and No. 1 branch, No. 2 branch, eight embedded runoff plots in the Qiaogou subwatershed from 1990 to 2010 were selected to obtain the thresholds of sediment-generating rainfall (Tables 1 and 2 ). The runoff of the subwatersheds and the watershed were recorded by flumes, which were constructed at the outlets of the watershed and the subwatersheds, while the runoff of field runoff plots were measured by the water tanks. Suspended sediment concentration was measured from the runoff samples, and specific sediment yield equalled the runoff volume multiplied by respective suspended sediment concentration. There are six precipitation stations in the Qiaogou subwatershed and seven primary precipitation stations in the Peijiamaogou watershed. All runoff plots share one precipitation station in the Qiaogou subwatershed ( Figure 1 ). The rainfall data were recorded continuously using self-recording rain gauges. If the interval was less than 6 h between two consecutive rainy periods, then the two periods were regarded as one rainfall event [12, 33] . For every precipitation station, data of rainfall amount, duration, and maximum intensities for every rainfall event were extracted and calculated. The characteristics of the instrumented runoff plots and gauging stations are listed in Table 1 , Table 2 and Figure 1 . Table 1 .
Conventionally, the term "soil erosion" is applied to hillslopes, and the term "sediment yield" is used for a watershed or river system. For convenience, we used specific sediment yield (SSY, t·km −2 ) to represent both cases hereafter. It should be noted that the SSY data refer to suspended load only.
Statistical Analysis

The Calculation of Thresholds for Sediment-Generating Rainfall
Among rainfall maximum intensities, the maximum 30-min intensity (I 30 ) and maximum 60-min intensity (I 60 ) are well correlated with soil loss [34] and are often implemented to calculate rainfall erosivity [7, 11, 35] . Hence, we choose rainfall amount (P, mm), maximum 30-min intensity (I 30 , mm min −1 ), maximum 60-min intensity (I 60 , mm min −1 ), and their recombination indexes (rainfall amount multiply maximum 30-min intensity (PI 30 , mm 2 min −1 ), rainfall amount multiply maximum 60-min intensity (PI 60 , mm 2 min −1 )) to calculate the thresholds of sediment-generating rainfall. In the Qiaogou subwatershed and the Peijiamaogou watershed, the rainfall indexes used the mean values of the subwatershed and the watershed, which were calculated with the Theisen polygon method [36] .
The calculation of the thresholds of sediment-generating rainfall was accomplished as follows [8, 14] : (1) All the runoff events were arranged in descending order of rainfall amount, along with associated SSY of a plot or watershed. (2) Sum the cumulative SSY in descending order of rainfall amount, as well as calculating the cumulative percentage of SSY to overall SSY of all runoff events. (3) A regression equation of rainfall amount and associated cumulative percentage of SSY was obtained by selecting the maximal R 2 of the regression equation. (4) Given a cumulative percentage of SSY, a threshold of sediment-generating rainfall was determined [8] . In this study, the cumulative percentage value that we applied was 95%, because 5% of the total soil loss can be allowable in the Loess Plateau [14] . Rainfall events with rainfall amount above the threshold were considered as sediment-generating rainfall [8] . The same process was used to obtain thresholds of the other rainfall indexes (I 30 , I 60 , PI 30 , PI 60 ).
Thresholds of Rainfall Covering Area Proportion (CAP)
In the watersheds, the thresholds were calculated by mean values of rainfall indexes under each rainfall event, which could not fully represent the detailed rainfall characteristics in the whole watershed. Thus, we presented the thresholds of covering area proportion (CAP) as the thresholds of sediment-generating rainfall at the subwatershed and watershed scales. CAP means the ratio of the covering area, in which the values of rainfall indexes at the event time scale are higher than their respective values of thresholds for the whole watershed, to the watershed area. It is advisable to apply the thresholds of CAP for watersheds because of the high rainfall spatial heterogeneity at the event time scale in the Loess Plateau [34, 37] . Detailed procedures for determining the thresholds are as follows: (1) Calculate the CAP for each rainfall event using the "Theisen polygon method": Divide the watershed into several units consisting of one precipitation station by the "Theisen polygon method", then the rainfall indexes of each precipitation station are used to represent those of respective units; the CAP is the area proportion of units with the rainfall indexes higher than the thresholds of the watershed. (2) Determine the thresholds of CAP using the method for calculating the other thresholds of rainfall indexes mentioned above.
Thresholds Under Different Rainfall Types
Because of the significant discrepancies in soil erosion under different rainfall types, we used the rainfall concentration index (CI) to classify rainfall events [34, 38] . CI is defined as:
where CI represents the concentration index of a rainfall event (%), P 60 is the maximum 60-min rainfall amount of a given rainfall event (mm), and P is the total rainfall amount of the rainfall event (mm). The rainfall types were classified depending on the CI. When CI ≥ 80%, the rainfall events were determined as rainfall type A, while 20% < CI < 80%, the rainfall events were determined as rainfall type B, and the rainfall events with CI ≤ 20% were determined as rainfall type C.
In the Peijiamaogou watershed, the runoff events of type A and B occurred 23 and 44 times during the experimental period, respectively. However, there were only five rainfall events of type C which generated sediment in the study period. This number is too small to calculate the thresholds and thus, the thresholds were determined based on rainfall events under rainfall types A and B.
The Evaluation of Thresholds
To evaluate the rationality for thresholds of sediment-generating rainfall, we presented the mixing index (MI) [8] . A better threshold can be obtained with smaller MI.
The mixing index was defined as follow:
where MI = mixing index, representing the rate of the number of events that were "misclassified" in the rainfall events which generated sediment or not to the number of total rainfall events; N up = number of rainfall events which did not generate sediment with characteristics higher than the thresholds; N dn = number of rainfall events which generated sediment with characteristics smaller than the thresholds generating sediment; and N t = total number of rainfall events. In addition, N up /N t implies the proportion of rainfall events which did not generate sediment in calculation of rainfall erosivity; N dn /N t represents the rate of sediment generating events which were missed in the calculation of rainfall erosivity to all rainfall events.
Results
Thresholds of Sediment-Generating Rainfall
The P for thresholds of sediment-generating rainfall on the hillslope runoff plots were essentially constant, with an average value of 14.0 mm ( Table 3 ). The P for thresholds of two gully slopes were 15.5 and 15.2 mm, respectively. Additionally, the thresholds of No. 1 branch, No. 2 branch, the Qiaogou subwatershed and the Peijiamaogou watershed were higher than those of hillslopes. The average thresholds of maximum rainfall intensities and the recombination indexes for the subwatersheds were higher than those for runoff plots on hillslopes (Table 3 ). However, the thresholds of I 30 and I 60 for the Peijiamaogou watershed were smaller than those for other spatial scales.
The thresholds of maximum rainfall intensities had an improved effectiveness for separating sediment-generating rainfall compared to the thresholds of rainfall amount and recombination indexes. The MIs using the thresholds of P were 11.8 to 14.1%, which were far higher compared to the thresholds of maximum rainfall intensities and recombination indexes. Among all spatial scales, N up /N t were much higher than those of N dn /N t . The rates of N up to N t for runoff plots were higher compared to the subwatersheds and the watershed, whereas the N dn /N t of runoff plots were smaller than those of the subwatersheds and the watershed. The values of MI and N up /N t for thresholds of maximum rainfall intensities were much smaller compared to the thresholds of rainfall amount and recombination indexes ( Figure 2 ). Hence, the thresholds of I 30 were recommended to employ in different spatial scales with an average MI of 4.2% ( Figure 2 ). In sum, 0.24, 0.27, and 0.20 mm min −1 of I 30 were supposed to the thresholds for the hillslope, subwatershed, and watershed scales, respectively.
Thresholds of Covering Area Proportion (CAP)
To analyze the thresholds of CAP, we decided to obtain the CAP of P I 30 and PI 30 to determine the thresholds in the Qiaogou subwatershed and the Peijiamaogou watershed. Table 4 indicates that the thresholds of CAP had a greater applicability in the Qiaogou and Peijiamogou watersheds than other thresholds with smaller MIs. For instance, the MIs of CAP thresholds for I 30 were 3.4 and 4.4%, respectively, and these values were smaller than MIs of thresholds for I 30 in Qiaogou (4.4%) and Peijiamogou (6.7%) (Table 4, Figure 2 ). Accordingly, the CAP could represent thresholds of sediment-generating rainfall in the subwatershed and the watershed scales. Among all rainfall indexes of CAP, I 30 exhibited the least MIs in the subwatershed and the watershed, followed by the PI 30 , whereas P showed much larger MIs compared to I 30 and PI 30 (Table 4 ). Generally, the applied I 30 threshold of CAP exceeding 0.27 mm min −1 would be 48% at the subwatershed scale and those exceeding 0.20 mm min −1 would be 30% at the watershed scale, respectively. 
Thresholds of Sediment-Generating Rainfall under Different Rainfall Types
There were considerable differences in the thresholds under two rainfall types ( Table 5 ). The thresholds of P under rainfall type B for different spatial scales were higher than those of rainfall type A ( Table 5 ). The variation of thresholds among different spatial scales was inconsistent under different rainfall types. The results obviously demonstrate that all of the thresholds in the subwatersheds and the watershed were higher than those of runoff plots under rainfall type A. As for rainfall type B, the thresholds in the subwatersheds and the watershed were smaller than those of runoff plots except for thresholds of I 30 in the Qiaogou subwatershed. Additionally, thresholds of I 30 under rainfall type B were higher than those under rainfall type A in runoff plots, but smaller in the subwatersheds and the watershed. Among the thresholds of different rainfall indexes, the MIs of the thresholds for I 30 were less compared to those of P and PI 30 (Figure 3 ). Thus, it was better to employ the I 30 as thresholds of sediment-generating rainfall under rainfall types A and B. In general, we recommend using I 30 values of 0.23, 0.35, and 0.25 mm min −1 (Table 5 ) as thresholds at the hillslope, subwatershed, and watershed scales under rainfall type A, and I 30 values of 0.27, 0.21, and 0.20 mm min −1 as thresholds at the hillslope, subwatershed, and watershed scales under rainfall type B.
Generally, thresholds of CAP exceeding rainfall thresholds for P, I 30 , and PI 30 of the Qiaogou subwatershed were higher than those of the Peijiamaogou watershed. Thresholds of CAP for P and PI 30 under rainfall type B were higher than those under rainfall type A. While for I 30 , the thresholds of those under rainfall type B were smaller than those under rainfall type A ( Table 6 ). For rainfall type A, CAPs of I 30 are recommended for use as the thresholds of sediment-generating rainfall with smaller average MIs (3.3%). As for rainfall type B, the CAPs for PI 30 had better effectiveness compared to other rainfall indexes.
In general, we concluded that the CAP exceeding rainfall thresholds for I 30 and PI 30 should be employed as thresholds of CAP at the subwatershed and watershed scales under rainfall types A and B, respectively. In practice, thresholds of CAP regarding I 30 would be 68.3% and 16.4%, respectively, at the subwatershed and watershed scales under rainfall type A, and that regarding PI 30 would be 54.9% and 31.9%, respectively, at the subwatershed and watershed scales under rainfall type B, respectively ( Table 6 ). 
Discussion
The Thresholds of Sediment-Generating Rainfall Under Different Rainfall Types
We divided rainfall events which generated sediment into three rainfall types based on rainfall concentration index and determined thresholds under rainfall types A and B [34] . The rainfall type A, with high intensity and short duration, occurred from severe convective weather and was considered to cause most of the erosive rainfall events and a large proportion of runoff and soil erosion [38, 39] . The high rainfall intensity resulted in forming a surface crust and sealing which accelerated surface flow [38] , reducing infiltration rate and generating surface flow rapidly [40] [41] [42] [43] . Moreover, sediment transport capacity of overland flow increased with the rising of rainfall intensity [44] . The time to runoff of high-intensity rainfalls also declined compared to low-intensity rainfalls under simulation experiments [45] . Accordingly, the events of rainfall type A with less rainfall amount could generate runoff because of the higher rainfall intensity compared to rainfall type B. In turn, rainfall with weak rainfall intensity and long duration led to improved infiltration and induced less erosive rainfall events [38, 39, 44] . Therefore, thresholds of P for rainfall type B were higher than those of rainfall type A under different spatial scales.
Wang and Jiao [34] demonstrated that the spatial heterogeneity of rainfall amount under type A was higher compared to that under rainfall type B in watersheds. In most circumstances, the area of rainfall center of rainfall events under rainfall type A was only several square kilometers [34] . Consequently, the maximum value of P of a rainfall event under rainfall type A at the subwatershed and watershed scales would be higher than that of a rainfall event with the same mean rainfall amount under rainfall type B. Moreover, the thresholds of P (14.3-15.3 mm) of the subwatersheds (No. 1 and 2 branches) were smaller than those of the Peijiamaogou watershed (15.9 mm) and the Qiaogou subwatershed (15.6 mm) ( Table 3 ). In a rainfall event under rainfall type A, rainfall amount of partial region in the watershed would be higher than the amount thresholds at the subwatershed or watershed scales, while the rainfall amount of other regions was not. In the partial region, the rainfall amount was much higher than the inner subwatersheds (for instance, No. 1 and 2 branches) and runoff would be probably generated rapidly and transport the sediment to the outlets of the subwatershed and the watershed. Furthermore, there was a large area of sloping cropland, bareland, villages, and roads, which were susceptible to soil erosion in the Peijiamogou watershed [8, 30] . It was more likely to cause runoff and sediment in the Peijiamaogou watershed under rainfall type A when the erosion-prone area was covered with higher rainfall intensity. Hence, the thresholds of CAP for P under rainfall type A were more smaller than those under rainfall type B ( Table 6 ). The results can provide reference for water erosion prediction at the subwatershed and watershed scales.
The Thresholds of Sediment-Generating Rainfall across Different Spatial Scales
The scale-dependency of the soil erosion and sediment transportation in the Loess Plateau region has been demonstrated by previous studies [24, 25, 40, 46] . Within subwatersheds, sediment generated from the hillslope may deposit at the sediment sinks at the foot of hillslopes or store in valley bottoms and channel [5, 47, 48] . Consequently, in the subwatershed, more runoff which was produced by rainfall events with higher rainfall intensity was needed to transport the sediment produced from the hillslope to the outlets of the subwatersheds. Hence, I 30 thresholds increased as the spatial scale transformed the hillslope into the subwatershed ( Table 3) .
The previously described laws were not suitable for the spatial scale of the watershed. Liu et al. [49] found that the rainfall characteristics in the watersheds with an area larger than 5 km 2 were characterized by high spatial heterogeneity and positively correlated with the area of the watersheds [34] . As an example, the mean I 30 of a rainfall event in the Peijiamaogou watershed happened in July 2006, was only 0.21 mm min −1 , yet two rainfall stations in the Peijiamaogou watershed showed I 30 of 0.70 and 0.72 mm min −1 . In some rainfall events with lower mean rainfall intensities, part of the area of the watersheds may be covered by high rainfall intensity far higher than the thresholds of the subwatersheds. Consequently, that part of the area may serve as sediment source area in the runoff events. Rainfall with high intensity caused runoff in sediment source areas, and the runoff generated by intense rainfall was high enough to transport the sediment produced from the subwatersheds or stored in channel to the outlets of the outer watersheds [47] . Namely, the sediment sinks in events with small rainfall intensity may be transformed to sediment sources in these circumstances. Additionally, the watersheds would generate sediment more easily if the areas covered by high rainfall intensity were close to outlets of watersheds. Thus, the I 30 threshold of the watershed (Peijiamaogou) was not only smaller than those of the subwatersheds, but also relatively small as opposed to those of runoff plots (Table 3 ). This also implies that the spatial heterogeneity of rainfall characteristics in larger watersheds should be taken into consideration in studies of runoff and sediment generation of watersheds in the Loess Plateau region [27] .
The Index Selection for Thresholds of Sediment-Generating Rainfall
Generally, the I 30 should be recommended as rainfall index for the thresholds of sediment-generating rainfall to effectively reduce the considerable work of calculating the rainfall erosivity from hillslope to watershed scales in the loess hilly areas. Among rainfall indexes for the thresholds of sediment-generating rainfall, the I 30 had the least MIs of thresholds, including the thresholds across different spatial scales and the CAP (Figure 2 , Table 3 ). This finding proves the result reported by Xie et al. [8] at the hillslope and subwatershed scales. Besides, the other maximum rainfall intensities and recombination indexes can be supplementary thresholds. However, the P was not recommended as the rainfall index for the thresholds of sediment-generating rainfall. Thresholds of P exhibited highest MIs among all rainfall indexes, with average values of 13.1% (Figure 2 ). Additionally, the N up /N t of P also showed higher than those of other rainfall indexes and the values of N up /N t were much higher than that of N dn /N t . These results indicate that taking the rainfall amount as thresholds of sediment-generating rainfall would underestimate the values of threshold sediment-generating rainfall and lead to superfluous work of calculating rainfall erosivity ( Figure 2 ). This phenomenon also indicates that rainfall events with higher rainfall amount and smaller maximum 30-min intensity may not cause sediment across different spatial scales, and I 30 is a suitable factor predicting the soil loss [34, 35] .
In watersheds, the mean rainfall indexes (P, I 30 , PI 30 ) were difficult to represent the rainfall characteristics explicitly and roundly under a rainfall event [34, 49, 50] . Accordingly, thresholds of mean rainfall indexes also led to an under-representation of the spatial distribution of critical sediment-generating rainfall in larger watersheds. Thus, the thresholds of CAP (covering area proportion) that we proposed can be used at both subwatershed and watershed scales. For instance, thresholds of CAP for P in the Qiaogou subwatershed and the Peijiamaogou watershed were 50.5% and 31.0%, respectively. These thresholds meant that the percent of area with rainfall amount higher than their mean thresholds (15.6 mm in Qiaogou and 15.9 mm in Peijiamaogou) to the total area of the subwatershed and the watershed were 50.5% and 31.0%, respectively. The thresholds for CAP could distinguish effectively the rainfall events which generated sediment or not in the subwatersheds and the watersheds well, because the MIs of thresholds for CAP were smaller ( Figure 2 , Table 4 ).
Other factors, such as rainfall during the early stage and underlying conditions (land use types, agrotype, and topography), could impact the thresholds of sediment-generating rainfall [11, 13, 17] . As has been documented, the soil moisture content before the rainfall has an influence on the runoff and soil loss [51] [52] [53] . Hence, antecedent rainfall could also be considered in the process of soil erosion and the obtainment of the thresholds for sediment-generating rainfall. However, the effects of other factors have not been included in this study because of insufficient data of antecedent rainfall and underlying conditions. Also, the current study obtained the thresholds of sediment-generating rainfall across different spatial scales, while the temporal scales of rainfall thresholds have not been studied in our research. In sum, the role of other factors and temporal scales on the thresholds should be studied further in future researches.
Conclusions
In the present study, thresholds of sediment-generating rainfall across different spatial scales under different rainfall types were determined based on observations of rainfall and sediment data of twelve instrumented nested landscape units from 1990 to 2010. I30 was deemed to be most suitable among all thresholds of rainfall indexes because of the smaller MIs, whereas P was not recommended as thresholds of sediment-generating rainfall due to higher MIs. In addition, thresholds of CAP for P and I30 were 50.5% and 47.6% at the subwatershed scale, and 31.0% and 30.3% at the watershed scale, respectively. In general, all thresholds (P, I30, I60 and PI30, PI60) of the subwatershed scale were nearly higher than those of hillslope scale. Regarding the watershed scale, the threshold of I30 was smaller in contrast with the other scales. The thresholds of sediment-generating rainfall were inconsistent under different rainfall types. The thresholds of I30 under rainfall type B were much higher than those under rainfall type A at the hillslope scale and smaller than those under rainfall type A at the subwatershed and watershed scales.
The results of thresholds for sediment-generating rainfall across different spatial scales cannot only be applied to the Loess Plateau, but also be extrapolated to other loess hilly areas with similar climatic conditions, soil characteristics, and geomorphologic landscapes worldwide. This study can provide a reference for calculating rainfall erosivity and predicting soil erosion and sediment yield across different spatial scales, as well as sideways verification of the theory of spatial scale effect of soil erosion and sediment yield.
